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Energy flux and phase velocity of an EMW become contra-directed in negative-index meta-materials (NIMs). Such waves are referred to as backward waves. Given extraordinary property enables phase matching of ENWs contra-propagating in frequency double-domain positive/negative index nonlinear-optical (NLO) meta-slabs. The latter give rise to counterintuitive coherent (i.e., phase dependent) NLO propagation processes and requires a revision of major concepts generally accepted in NLO. It also requires the development of novel theoretical and computational approaches to investigation of such photonic processes in particular media. Among them is three-wave mixing, which can be viewed as a split of fundamental photons into two entangled "siblings" -pairs of signal and idler photons satisfying energy conservation law. Each of them stimulates further chain of splits. In ordinary isotropic nonlinear-optical materials, the momentum conservation law (phase matching) dictates all three beams to be codirected and signal and idler to exponentially grow along the propagation path. The indicated dependence was predicted to change dramatically in the case of coupled ordinary and backward waves with matching phases. Here, all wave vectors must be codirected, whereas one of the Poynting vectors appears contra-directed to others. This gives rise to the extraordinary nonlinear resonances in the numbers of generated entangled photons, which emerge in respect to intensity of the fundamental wave. A huge enhancement of the output in the resonances indicates the appearance of distributed nonlinear-optical feedback. The latter is equivalent to effective coupling length tending to infinity. Such a singularity enables greatly enhanced energy conversion efficiency, whereas the required size of the convertor may reduce down to microscopic values. However, the investigations and the estimates revealed that intensities of fundamental radiation required for the realization of microscopic convertors in the continuous-wave regime may exceed the optical breakdown threshold. Shortpulse regime seems to offer a solution. However, strengths of EM field changes through the pulse which raises many open questions regarding the outcomes and the optimization. In the course of the given effort, encouraging predictions were made with the aid of particular proof-of-principles examples and significant progress in overall understanding of the outlined processes was achieved.
The possibility was shown of conversion of short ordinary EM pulses to contrapropagating pulses of backward EM wave at doubled frequency and some of the basic extraordinary features of the process were investigated. Such metaslab can be viewed as a frequency-doubling NLO metamirror and data-processing chip, which can be also used as a nonlinear-optical sensor.
Considerable attention was paid to the particular realizations of the predicted extraordinary processes. Current mainstream in fabricating bulk NIMs relies on engineering of LC nanocircuits -plasmonic mesoatoms with negative optical magnetic response. A different paradigm was proposed in the course of given effort, which relied on negative spatial dispersion of waves, to realize the outlined processes. As a proof-ofprinciples example of the possibility of nanoengineering of the required negative dispersion, the metamaterial made of standing carbon nanotubes was proposed. It was shown that with proper adjustment of heights and spacing between the nanotubes, the eigenmodes pertinent to the given tampered nanowaveguide can be tailored in the way that such carbon "nanoforest" enables coexistence of ordinary and backward eigenmodes, i.e. EMWs with positive and negative dispersion/group velocities at different frequencies. Numerical analysis of dispersion properties and losses attributed to such modes was carried out. It demonstrated that the eigenmodes can be tailored to achieve phase matching (i.e., equal phase velocities) for the ordinary and backward waves which satisfy the energy conservation law for three-wave mixing. For the investigated models, the frequencies fall in the THz and thermal IR wavelength ranges. As outlined above, phase matching is a requirement of critical importance for coherent NLO. The possibilities of slow-wave regime and the analogs of epsilon-near-zero propagation regime in such carbon "nanoforest" were shown too.
Besides that, a class of readily available Raman crystals was proposed to mimic the outlined extraordinary three-wave mixing propagation processes which are commonly attributed to the plasmonic NIMs. The underlying idea was to replace one of the coupled EMWs by the elastic waves having negative spatial dispersion. Negative dispersion and, consequently negative group velocity is inherent to optical phonons. However, it appeared that fast damping of optical phonons imposes a severe detrimental obstacle to realization of the idea. The possibility to eliminate that obstacle by making use of femtosecond pulses was proposed and proved through numerical simulations. Particularly, the models of diamond and calcite crystals where used for proof-of-principle numerical simulations. Unparalleled properties of enhanced Raman amplification of ordinary Stokes signals by stimulated scattering on backward phonons were investigated. Besides the possibility of huge enhancement of its quantum conversion efficiency, the possibility of tailoring duration and shapes of the generated Stokes and transmitted fundamental laser pulses were shown. It was found out that relatively low group velocity of backward optical phonons, which need to be phase matched, dictates relatively high threshold intensities of the fundamental lasers to attain the predicted extraordinary regime. It explains why it was not observed so far. However, the required pulse power was estimated as achievable with now commercially available lasers. Diamond crystals of good optical quality, which are sized at about 1 cm, have emerged recently on the market and have been advertised by major photonic journals because of their excellent thermal conductivity needed for high power Raman lasers.
A concept of remotely actuated and all-optical controlled nonlinear optical sensor was proposed based on the above described processes and materials. The sensors was supposed to frequency up-convert IR radiation emitted in the vicinity of the sensor, frequency scan and amplify the up-converted signal and send it back towards a remote detector.
Overall, the major outcome of this forward looking effort is a considerable progress in the fundamental understanding summarized above of unparalleled electromagnetic processes and counterintuitive nonlinear optical effects originated from the exotic electromagnetic properties of negative index/negative spatially dispersive metamaterials and from the proposed specific realization schemes. Novel coherent nonlinear-optical technique for compensating strong losses intrinsic to plasmonic metamaterials was further developed. Advanced concepts of unique nanophotonic devices as well as development of the modeling/simulation approaches to nonlinear nanophotonics are also among the outcomes of the research.
The effort may have impact on the DoD and, specifically, on the Air Force capabilities through the development of novel transformative concepts of a new generation of ultracompact photonic devices and components with enhanced functionalities. The devices hold a potential for use in the telecommunication industry, for nonlinear optical sensing and image processing as well as for the variety of biological and medical applications.
Results obtained, including recent proof-of-principle preliminary results to be further developed, were discussed with peers at seminars and major topical international conferences as listed below: 
